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Abstract
Cosmic microwave background (CMB) constraints on dark matter annihilation are a uniquely
powerful tool in the quest to understand the nature of dark matter. Annihilation of dark matter
to Standard Model particles between recombination and reionization heats baryons, ionizes neu-
tral hydrogen, and alters the CMB visibility function. Surprisingly, CMB bounds on dark matter
annihilation are not expected to improve significantly with the dramatic improvements in sensi-
tivity expected in future cosmological surveys. In this paper, we will present a simple physical
description of the origin of the CMB constraints and explain why they are nearly saturated by
current observations. The essential feature is that dark matter annihilation primarily affects the
ionization fraction which can only increase substantially at times when the universe was neutral.
The resulting change to the CMB occurs on large angular scales and leads to a phenomenology
similar to that of the optical depth to reionization. We will demonstrate this impact on the CMB
both analytically and numerically. Finally, we will discuss the additional impact that changing
the ionization fraction has on large scale structure.
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1
1 Introduction
Dark matter annihilation is a universal prediction of the weakly interacting massive particles
(WIMP) paradigm. The dark matter annihilation cross-section determines the relic abundance
and thus offers a compelling target for astrophysical and cosmological observations. Cosmic
microwave background (CMB) constraints on dark matter annihilation have been enormously
valuable given the vast space of possible models, since these constraints are mostly insensitive
to the details of the dark matter model. The current constraint derived from data collected by
the Planck satellite requires pann < 3.4 × 10−28 cm3/s/GeV (95% CL) [1], where pann = feff 〈σv〉mχ
and feff is a parameter of order unity describing how the amount of baryon heating depends on
annihilation products (see e.g. [2]). This constraint excludes the WIMP thermal cross section
for dark matter masses mχ < O(10) GeV and puts pressure on many models with detectable
astrophysical signatures (see e.g. [3] for a review). The CMB constraint on pann is particularly
valuable because it is both a clean measurement and is gleaned from the same system that we
use to measure the dark matter abundance itself.
Despite the importance of the CMB constraint on dark matter annihilation, we lack a complete
understanding of the origin of the constraint and the fundamental limitations of the measurement.
The strength of the CMB constraint is often explained by noting that the annihilation rate scales
as the square of the dark matter density. A priori, one might then conclude that the CMB
constraint is dominated by dark matter annihilation near the time of recombination, where the
dark matter density is largest. The problem with this interpretation is that it fails to explain
the evolution of the constraint on pann over the past decade and the behavior of forecasted
future constraints. The coming generation of CMB experiments is poised to make an order of
magnitude improvement on parameters known to affect the physics of recombination, such as
Neff and Yp [4]. While dark matter annihilation also visibly affects the power spectra on small
angular scales, the forecasts (Figure 1) show effectively no improvement for future observations.
Such behavior could suggest a degeneracy with another cosmological parameter, such as ns.
Unfortunately,1 forecasts do not exhibit any clear degeneracy with the parameters of the ΛCDM
model or extensions thereof. These results suggest instead that the information in the CMB has
been largely saturated by current observations.
In this paper, we will offer a simple physical explanation for these curious trends seen in the
forecasts. We will review how modifications to the physics of recombination change the appear-
ance of the CMB and demonstrate that pann forecasts do not exhibit the same characteristics.
Instead, we will see that pann behaves (suggestively) most like the optical depth to reionization,
τ . We will then show, both analytically and numerically, that the constraints arise primarily
from annihilation at redshifts between recombination and reionization. The dominant effect of
dark matter annihilation is to increase the ionization fraction, xe, which can only change sig-
nificantly when the universe is nearly neutral. Furthermore, ionization of hydrogen due to dark
matter annihilation is balanced by the capture of free electrons, which scales as the square of the
electron density and thus offsets the larger annihilation rate at earlier times. This balance leads
to an increased and nearly constant ionization fraction between recombination and reionization,
1The presence of such a degeneracy would suggest a strategy for improving constraints on pann by measuring
the degenerate cosmological parameters through other observables (like galaxy clustering).
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Figure 1. Forecasted 1-σ errors on selected parameters for CMB experiments over a range of noise levels,
assuming a 1-arcmin beam, `min = 30, `
TT
max = 3000, and `max = 5000, with fsky = 0.4, including also a
Planck-like experiment on large scales and for additional sky coverage. The constraints on pann are shown
in units of 10−27 cm3/s/GeV. There is only marginal reduction in the forecasted errors on pann (and τ)
across this range of noise levels, while the other parameters show marked improvement.
thereby altering the CMB visibility function during this epoch. Due to the low-redshift character
of the effects of dark matter annihilation, the observational imprints occur on large angular scales,
thus explaining the similarity of constraints on pann and τ in forecasts.
The behavior seen in forecasts was noted in previous studies, such as [5–8]. In particular, low-`
E-mode measurements are known to produce the strongest bounds on dark matter annihilation.
Principal component analysis also revealed that CMB constraints are particularly sensitive to
annihilation at z ≈ 600 [9]. We will see that this is not a unique feature of the polarization
spectra, as pann also impacts temperature spectra in a manner similar to the optical depth, τ .
Furthermore, we will show this phenomenology can be captured with a fairly simple physical
model.
Given the impact on the low(er) redshift universe, it is natural to investigate how dark matter
annihilation alters the evolution of large scale structure. We will show that there is an additional
effect unique for large scale structure due to increased photon drag. Unfortunately this effect,
which only impacts baryon fluctuations, is suppressed in the baryon fluctuations at low redshift
due to the gravitational influence of the dark matter. The effect of increased photon drag could
in principle provide some additional constraining power on dark matter annihilation from studies
of the early baryonic universe, which could be observed indirectly through 21cm absorption in
the dark ages.
This paper is organized as follows: In Section 2, we will discuss the phenomenology and
forecasts associated with the physics of recombination. We will see pann does not neatly fit into
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this description and instead is most similar to τ in forecasts. In Section 3, we will provide an
analytic description of how pann alters the CMB and match these expectation with numerical
spectra. In Section 4, we will study the impact on baryons at low redshifts. In Section 5 we
conclude. Appendix A provides additional details regarding our forecasts.
2 CMB Physics at Small Angular Scales
In the early universe, dark matter annihilation heats the baryon-photon fluid and ionizes hydrogen
atoms. The natural question of interest is how these changes manifest themselves in observable
quantities like the temperature and polarization fluctuations in the CMB. In this section, we will
give a phenomenological description of the physics at small angular scales focusing on the physics
of recombination in particular. We will show that our phenomenological description accurately
predicts the behavior of Yp and Neff but not pann. We will explore the physical reasons behind
this in the next section.
2.1 Physics of the Damping Tail
The CMB power on small angular scales is sensitive to the nature of the photon-baryon plasma
around the era of recombination. With better angular resolution and lower noise than the Planck
satellite, ground-based CMB experiments will make dramatic improvements measurement of the
high-` power spectra (both temperature and polarization) [4]. The exponential damping on small
angular scales is the dominant feature of these spectra that will drive cosmological constraints.
It is therefore useful to review the origin of this damping and how it is sensitive to cosmological
parameters.
The primary temperature or polarization fluctuations we observe can be compactly written
(using the conventions of [10]) as
∆T,P (k, µ, η0) =
∫ η0
0
dη eikµ(η−η0)g(η)sT,P (k, η) , (2.1)
where η is conformal time, µ = k · nˆ/k for a given line of sight nˆ, and g = τ˙ e−τ is the visibility
function. The temperature and polarization source functions, sT and sP , are given by
sT ≈ ∆T,0 + ψ − v˙b − Π
4
− 4Π¨
4k2
, (2.2)
sP ≈ − 3
4k2
(k2Π + Π¨) , (2.3)
Π ≡ ∆T,2 + ∆P,2 + ∆P,0 . (2.4)
The optical depth, τ , is determined from the Thomson cross section, σT , through
τ˙ = anexeσT , (2.5)
where ne is the number density of electrons and xe is the ionization fraction
2.
2We will define ne and xe ignoring electrons bound in helium such that ne = np + nH and xe = np/(np + nH).
This definition implies that xe can exceed unity at very early times before helium recombination and also at recent
times after helium reionization, though neither epoch will be important for our discussion.
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A common phenomenological description of recombination (see e.g. [11]) treats the visibility
function as a Gaussian, such that
g(η) ≈ 1√
2piσ?
e
− (η−η?)2
2σ2? , (2.6)
where η? is conformal time at recombination and σ?  η? is the width of recombination. Using
the tight-coupling approximation, the dominant contribution to the temperature source function
is given by
(∆T,0 + ψ)(k, η) = cos(krs(η))e
−k2/kD(η)2 , (2.7)
where rs(η) =
∫ η
dη′cs(η′) is the local sound horizon and
1
k2D
=
∫ η
dη′
1
τ˙
c2s
2
[
R2b
(1 +Rb)
+
16
15
]
, (2.8)
with Rb = 3ρb/4ρr. This source of exponential damping is due to diffusion of the photons and
is related to the free-electron fraction via τ˙ [12]. We can integrate over η in Eq. (2.1) using the
Gaussian approximation for the visibility function to find
∆T,P ≈ eikµ(η?−η0) × cos(krs(η?))e−k2(1/kD(η?)2+1/k2L) , (2.9)
which contains an additional source of exponential damping due to fluctuations being averaged
out over the finite width of recombination. This Landau damping is given by
1
k2L
=
c2sσ
2
?
2
=
σ2?
6(1 +Rb)
. (2.10)
We see that the exponential suppression of the high-k modes gets a contribution proportional
to x−1e from diffusion and one proportional to the width of recombination, σ2?. Since we have
evaluated these integrals around the time of recombination, we can use the Limber approximation
to relate ` ≈ kη?.
2.2 Impact of Cosmological Parameters
From our phenomenological description of the high-` behavior of the CMB, we can recover a
reasonably clear understanding of how current and future measurements impact constraints on
cosmological parameters which affect the epoch of recombination.
The helium fraction, Yp, and the effective number of neutrino species, Neff , are known to
impact the high-` CMB spectra. Accounting for degeneracies [13], the dominant impact of both
parameters is to change kD. Since helium has a higher binding energy, it contributes to the
baryon density but recombines earlier than hydrogen and absorbs free electrons. Varying Yp,
while holding the physical baryon density ωb fixed
3 implies ne = nb(1 − Yp). The contribution
3Here we are assuming that there is no ionized helium around the time of hydrogen recombination, and we
are neglecting the difference between the baryon number and atomic mass of helium. Shortly before hydrogen
recombination, helium is entirely neutral, hydrogen is fully ionized, and xe ≈ 1 is unaffected by Yp. Under these
assumptions, changing Yp at fixed ωb changes the number free protons, np, and hence the number of free electrons,
ne ∼ np. At earlier times, the helium may be partially ionized which further modifies this formula because of the
smaller the charge-to-mass ratio of helium.
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Figure 2. Improvement to 1-σ errors on select parameters for a cosmic-variance-limited CMB experiment
for various choices of `max, relative to a cosmic-variance-limited temperature-only experiment with `max =
1500.
of light relics to the expansion rate changes the time of recombination η?, and when holding the
angular size of the sound horizon θs fixed, one finds [13]
1
k2D
∝ (1 + fν(Neff))0.56(1− Yp)−1, (2.11)
where
fν ≡ ρν
ργ
=
7
8
(
4
11
)4/3
Neff . (2.12)
The measurement of kD from the high-` CMB power spectra drives the constraint on either param-
eter individually, but when both parameters are included constraints degrade significantly [14, 15].
Figures 1 and 2 show how constraints on Yp and Neff are expected to improve with better
measurements of the small scale CMB power spectra. These improvements are consistent with
the idea that improved constraints come from a better measurement of the damping tail. Beyond
measuring the damping tail, polarization data can also help break degeneracies for a variety of
well understood reasons [14, 15]. Nevertheless, we see significant improvements when more high-`
modes are included for every combination of spectra.
We now contrast this behavior with the forecasts for pann. At first glance, the change to the
temperature power spectrum shown in Figure 3 would suggest that the simple phenomenological
picture presented in the previous section may also apply to dark matter annihilation. The heating
from dark matter annihilation is expected to ionize neutral hydrogen and therefore it is natural
to expect annihilation to increase the width of recombination, σ?, and hence kL. If true, Eq. (2.9)
shows we should expect behavior identical to Neff or Yp.
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Figure 3. The fractional change to the temperature (top) and E-mode polarization (bottom) power
spectra due to dark matter annihilation.
While the temperature and polarization spectra do indeed change at high `, forecasts for pann
in Figures 2 and 4 show little similarity to Neff or Yp. Instead, the improvement (or lack thereof)
is more similar to that of the reionization optical depth, τ , than it is to other cosmological
parameters.
A priori, it is possible that the weak improvement of constraints on pann is due to a near-
perfect degeneracy with another cosmological parameter. The phenomenological description in
terms of a change to the width of recombination would suggest that a parameter like Neff , Yp,
or even ns
4 could exhibit such a degeneracy. However, if that were the case, we would expect
both parameters to show little improvement and to have similar shapes in Figures 2 and 4. The
only parameter whose forecasts follow pann is τ which therefore suggests a very different origin
for the pann constraint. The lack of degeneracies with high-` parameters is confirmed by a more
complete exploration of the forecasts in Appendix A.
3 CMB Phenomenology of Dark Matter Annihilation
A lot of the intuition regarding the effect of dark matter annihilation on the CMB can be recovered
from understanding the change to xe, the ionization fraction. The hydrogen ionization rate can
be written as
a−1x˙e =
(
βHe
−/T (1− xe)− αHx2ene
)
CH + (Iχ/ne) , (3.1)
where αH , βH , and CH are defined in [16] and describe conventional recombination and ionization.
The additional source of ionization from dark matter annihilation comes from Iχ ∝ (1−xe). Since
4The spectral tilt ns does not lead to an exponential damping on small scales, but the effect of a tilt on the
power spectrum is similar over a finite range in angular scale.
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Figure 4. Improvement on forecasted constraints for a cosmic-variance-limited temperature-only CMB
experiment up to a given `max relative to that with `max = 1500.
xe ≤ 1 (by neutrality, assuming the helium is unionized) we see in Figure 5 that dark matter
annihilation has its largest impact on xe between recombination and reionization, when xe  1.
Since the dominant effect occurs when xe  1, we can simplify Equation (3.1) using CH = 1,
and in this limit the hydrogen ionization rate due to dark matter annihilation is
Iχ ≈
pannρ
2
χ
3H
, (3.2)
where H ' 13.6 eV is the ionization energy of hydrogen. Furthermore, the temperature after
recombination is sufficiently small to neglect the contribution from βH . For annihilation rates of
interest, the dark matter annihilation and recombination rates are much faster than the expansion
rate, and one can find an approximate solution when these effects cancel [5, 17], giving
xe,floor ≈ ρχ
ρb
√
1
3(1− Yp)2
m2H
HαH
pann . (3.3)
For z < 1000, αH ∝ z−2/3 and so xe,floor ∝ z1/3. Note that, even though the annihilation rate is
proportional to ρ2χ and therefore decreases like a
−6, the recombination rate is proportional to n2e
and therefore decreases at a similar rate. As a result, the effective ionization level only shows a
weak dependence on redshift.
When xe  1, the visibility function can be well approximated by
g(η) = anexeσT . (3.4)
Decomposing ∆T,P (η0) ≡
∑
` P`(µ)δΘ
T,P
` , the contribution from late times is given as
δΘT,P` ≈
∫ η0
η?
dη anexeσT sT,P (η)j`(k(η0 − η)) . (3.5)
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Figure 5. Ionization histories for particular values of pann. The period between recombination and
reionization exhibits the largest fractional change due to dark matter annihilation and is described by a
non-zero value for xe which changes only weakly with time.
The universe was matter dominated between recombination and reionization such that a ∝ η2,
ne ∝ η−6, and xe,floor ∝ η−2/3.
Let us first consider how the additional scattering between recombination and reionization
(i.e. increase in the visibility function) impacts the temperature anisotropy shown in the top
panel of Figure 3. On large angular scales, sT ∼ ∆T,0 + ψ is approximately scale invariant and
time-independent. As a result, there is essentially no important time-dependence associated to the
source function, and the contributions from late times in Equation (3.5) are suppressed by η−11/3.
This strong suppression at later times is largely a reflection of the dilution of the electron density
from cosmological expansion and hence a corresponding reduction to the scattering cross-section.
In the left panel of Figure 6 we show the contributions to the temperature power spectrum from
various redshifts. One can see that the temperature power generated by late time scattering is
subdominant compared to the contribution from recombination. The most significant impact on
the temperature power spectrum from the change to the visibility function is to suppress the
high-` power, much like the optical depth τ .
Now let us consider the case of the E-mode polarization shown in the bottom panel of Fig-
ure 3. While the visibility function is essentially the same for polarization as for temperature,
the source function is quite different. At the time of recombination, the tight coupling approxi-
mation gives Π ∝ k sin(krs)/τ˙(η?). The amplitude of E-mode polarization from last scattering at
recombination is therefore suppressed by τ˙(η?) 1 and vanishes as k2 in the limit k → 0. After
recombination, the local temperature quadrupole grows from free-streaming giving
Π ≈ ∆T,2 = ∆T,0(η?)j2(k(η − η?)) . (3.6)
Using k(η − η?) < 1 we can approximate
δΘP` ≈
∫ η0
η?
dη
η
Ck2(η − η?)2(η/ηr)−11/3∆T,0(η?)j`(k(η0 − η)) , (3.7)
where C = 115anexe|ηr and ηr is some reference time between recombination and reionization. In
the Limber approximation, we anticipate that k ≈ `/(η0− η) and therefore the scaling with time
is given by
δΘP` ∝ `2
(η − η?)2
(η0 − η)2 η
−11/3∆T,0 . (3.8)
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Figure 6. Contributions to the temperature (left) and E-mode polarization (right) power spectra from
various redshifts in a model with pann = 10
−26 cm3/s/GeV. Notice that the contributions from interme-
diate redshifts exhibit a peak between ` = 10 and ` = 100. For temperature, the large scale power from
recombination makes the large scale contributions from dark matter annihilation essentially unobservable.
However, for polarization, the sum of the power coming from redshifts between recombination and reion-
ization results in an observable change to the spectrum which lies between the reionization bump and the
first acoustic peak from recombination.
Although this features the same η−11/3 suppression we saw for the temperature fluctuations, the
late time contribution to the E-mode polarization includes additional enhancements relative to
the E mode induced at recombination. First, free-steaming means the observed polarization is
sourced by a much larger temperature quadrupole (enhanced by τ˙(η?)). Second, the low redshift
scattering surface is closer to us and shifts the spectrum to lower `. The right panel of Figure 6
shows how scattering which occurs between recombination and reionization leads to increased
E-mode power on large scales, which is most visible between the reionization bump and the
first acoustic peak at recombination. These competing effects explain5 the complicated redshift
dependence seen in Figure 7.
With this understanding in hand, we can now interpret the peculiar feature in the E-mode
spectrum in the range 20 . ` . 100 in Figure 3. Our analytic model explains why a change to xe
in the redshift range 100 . z . 700 can produce a larger E-mode power at low ` (k → 0) than the
5Some aspects of this model were also described in [5]. Our description of the impact on the spectra is quan-
titative and matches the non-trivial redshift dependence of the signal. We emphasize that this behavior is not
consistent with simply changing the width of recombination.
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Figure 7. The E-mode power contributed to specific angular scales by a range of redshifts in a cosmological
model with pann = 10
−26 cm3/s/GeV, compared with that predicted by the analytical model described in
Eq. (3.8).
E-mode power from recombination. However, as shown in Figure 6 there is also the contribution
from reionization (z . 8) which dominates over both of these contributions for ` . 20. As a
result, the contribution from dark matter annihilation is most important in a narrow range of `,
large enough to exceed the signal from reionization but small enough that the E mode induced
at recombination is sufficiently suppressed by the k → 0 scaling. Since this region reflects the
large impact of pann on xe at intermediate redshifts, it explains why forecasts show that the CMB
constraint on pann is essentially saturated by a cosmic-variance-limited measurement of E modes
on these scales.
4 Impact on Large Scale Structure
Dark matter annihilation alters the post-recombination universe by heating baryons and increas-
ing the ionization fraction. While we have focused on the resulting effect on CMB anisotropies,
the ionization fraction is also relevant for the evolution of structure in the later universe directly
through its effect on baryons, which in turn couple to dark matter through the gravitational
potential. In this section we will explore the resulting signatures of dark matter annihilation on
large scale structure.
Dark matter annihilation affects both pre- and post-recombination physics. The dominant
pre-recombination effect is a change to the size of the sound horizon which has an associated
effect on the CMB (although it does not drive the constraints). Post-recombination, the increased
ionization fraction alters the photon drag of the baryons and could, in principle, lead to observable
changes in the growth of structure.
The dynamics of baryons are most relevant on small scales, well inside the horizon. We can
therefore approximate their linear evolution in Fourier space assuming the physical wavelength
is much smaller than the horizon size. The evolution is described by the usual fluid equations in
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Figure 8. Effect of dark matter annihilation pann on baryon fluctuations estimated using Eqs. (4.1)-(4.5)
at z = 100 (top) and z = 0 (bottom). The effect is largest at high redshift when photon drag is important.
When the photon drag is neglected, the effect of dark matter annihilation is almost entirely described
by a change to the initial conditions. The dashed curves show the results from CAMB, finding good
agreement on small scales confirming we identified all relevant effects in this regime. On large scales, our
approximated fluid equations break down and we overestimate power as explained in the text.
an expanding universe, with an additional advection term, i.e.,
δ′c + θc = 0 , (4.1)
θ′c + 2Hθc −
k2
a
φ = 0 , (4.2)
δ′b + θb = 0 , (4.3)
θ′b − 2Hθb −
k2
a2
φ− c
2
s
a2
k2δb − 4
3
ργ
ρb
nHxeσT θb = 0 , (4.4)
k2
a2
φ = −1
2
(ρbδb + ρcδc) , (4.5)
where the subscripts b and c refer to baryons and cold dark matter, respectively, and θ is the
velocity divergence with respect to proper space (following notation in [18]). Derivatives with
respect to proper time are denoted by ′ ≡ ∂t, while φ is the Newtonian gravitational potential.
Note that in the equations above we consider the unperturbed values of the speed of sound,
the ionization fraction and the hydrogen number density. In Eq. (4.4) cs is the average baryon
isothermal sound speed, which is related to the (mean) gas temperature c2s ≡ Tgasµ mH . Although
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Figure 9. The relative contribution as a result of dark matter annihilation from the 3 possible contri-
butions in Eqs. (4.1)-(4.5). The effect is dominated by the initial offset at recombination and the photon
drag term. Late-time changes to the sound speed do not cause observable effects (the blue line is almost
entirely hidden by the orange line).
the gas temperature is affected by dark matter annihilation, we will show that this effect does
not result in (observable) changes in the baryons and cold dark matter evolution. The mean
molecular weight is also a function of the ionization fraction and thus could change the speed
of sound in the presence of dark matter annihilation. However, this is a second order effect and
for an essentially neutral plasma, the mean molecular weight is very nearly constant and with
Yp ≈ 0.25, we have µ ≈ 1.22. We have assumed fluctuations in the photon field velocity to be
small. We also exclude fluctuations in the electron density and the baryon temperature, which
would lead to small (higher order) corrections that will not concern us here.
Dark matter annihilation changes the size of the sound horizon around recombination, which
shifts the peaks of the baryon acoustic oscillations in the matter power spectrum and the CMB.
This effect could be observed independently from the post-recombination effects we will discuss
next. Although the sound speed also plays a role in the dynamics at late times through the
pressure term, this will not have large effects on the matter power spectrum. On the other hand,
the photon drag term (the last term in Eq. (4.4)) cannot be ignored. We will see that this term
introduces a suppression of power.
We numerically solve the differential equations above using initial conditions set by CAMB [19]
at z = 900. We show the effect on (linear) baryon fluctuations in Figure 8. The photon drag term
leads to a relatively large effect on the fluctuations at early times. As the drag term becomes small
compared to the Hubble rate, the amplitude of the effect is reduced by gravitational coupling
with the cold dark matter (which is not affected at early times, apart from the shift in the baryon
acoustic oscillations due to change to the sound horizon). Today, the effect is sub-percent. For
pann = 3.4×10−28 cm3/s/GeV, the maximum currently allowed by the Planck data [1], the effect
is of the order of a tenth of a percent on the amplitude of fluctuations. This has to be compared
to, for example, the effect on the large scale E-mode polarization spectrum, which for the same
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Figure 10. Effect of dark matter annihilation pann on baryon (solid) and dark matter (dashed) fluctuations
as function of redshift measured by Eq. (4.7). Although effects on baryons are relatively large at high
redshift, effects are suppressed at late times due to gravitational coupling to dark matter.
value of pann is modified by almost ten percent.
In Figure 9 we show the effect of the initial conditions (at recombination), the sound speed,
and the photon drag on the matter power spectrum at z = 400 for pann = 10
−26 cm3/s/GeV.
The initial conditions determine the offset of the acoustic oscillations. The sound speed has no
visible effect, not even on the baryons. The photon drag, on the other hand, is crucial to explain
the overall suppression of power.
To better understand the influence of the photon drag let us take a closer look at Eq. (4.4).
The photon drag is typically ignored at late times, because it is subdominant to the Hubble
expansion, i.e.
2H  4
3
ργ
ρb
nHxeσT . (4.6)
In a matter-dominated universe H ∝ z2 while the right-hand side scales as z4xe(z). Since
xe(z) ∝ zn with n > 0 before reionization, the Hubble expansion quickly overtakes photon
drag, even though it dominates at early times. Numerically we find the photon drag becomes
sub-dominant at z ' 900; it is also the moment at which the relative effect, compared to no
annihilation, is largest. For the largest values of pann we have considered in this paper we find
that the change in the effective drag term (i.e. the term multiplying θb) is of order 8% at z = 900
which would result in a modulation of the power spectrum of baryons of order 15% if the baryon
power spectrum would be determined entirely by this term. Taking into account the other terms
in Eq. (4.4) and the fact that the modulation is reduced due to gravitational interaction with
cold dark matter, the total effect is smaller.
In Figure 10 we aim to qualify the effect on the baryons compared to the effect on the cold
dark matter as a function of redshift. We plot the dimensionless integrated relative change with
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respect to the case with no dark matter annihilation for both baryons and cold dark matter:
Qx(z) ≡
∫
dk
k
∣∣∣∣∣
(
Px(k)
Px(k, pann = 0)
)1/2
− 1
∣∣∣∣∣ , (4.7)
with x representing either cold dark matter or baryons. We run the integral from 0.05 ≤ k ≤ 1
Mpc−1. As expected, Figure 10 shows that the effect on the baryons is largest at high redshift
while dark matter annihilation hardly changes the fluctuations in the cold dark matter. The figure
also illustrates clearly that the effect on the baryons is suppressed at late times as gravitational
coupling with the dark matter washes out the effect.
Although the effect is small, the analysis shows that the impact on the power spectra appears
on all scales k ≥ 0.05 Mpc−1. With tomography of the power spectrum it might be possible to
constrain this small suppression. Since the baryons are much more affected than the cold dark
matter at high redshift, an experiment which traces baryons rather than dark matter would be
more sensitive to the effect of dark matter annihilation. Mapping the 21cm signature coming
from neutral hydrogen provides one such possibility. Although obviously not an unbiased tracer
of the baryon field, it would present the cleanest signature at high redshifts. We will not make
an attempt to estimate the detectability here, since no experiments are currently planned to
measure the 21cm signal at such high redshifts (see e.g. Refs. [20, 21]). Dark matter annihilation
also heats the gas, which affects the brightness temperature of the 21cm signal. This effect would
likely be much easier to observe, and several studies have shown that dark matter annihilation
could be constrained using the global 21cm signal [22, 23].
At the same time, on small scales, as computed here, the effect will be hard to distinguish from
overall modulations of the power and we expect it would require a very careful measurement of the
primordial amplitude of fluctuations to estimate effects from dark matter annihilation comparable
to the effects on small scales from massive neutrinos.
Note also that we have limited ourselves to the linear matter power spectrum only. At late
times, non-linear effects become more important and it has been shown that dark matter annihi-
lation would alter the matter power spectrum through enhanced annihilation in collapsed objects
[24]. These effects might be larger, but also require more assumptions than our simple treatment
here.
Thus far, we have only discussed the effects of dark matter annihilation on scales which are
small compared to the horizon. Figure 8 shows how our approximation breaks down compared
to the full numerical results from CAMB on large scales. The difference is a consequence of
underestimating the total power on large scales. Solving the fluid equations we dropped terms
coming from the time derivative of the large scale potential, i.e. φ′ in Eq. (4.1) and velocity in
the equation for the potential Eq. (4.5). As a result our power spectrum on large scales will be
suppressed compared to results from the complete set of equations. Since we measure the relative
effect, an underestimate of the power on large scales increases the relative contribution. However,
neither of the neglected terms is affected by pann and as such we do not expect to be missing
physical effects that could change the power spectrum on large scales as a result of dark matter
annihilation. Conclusions drawn based on our small scale results should hold.
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5 Summary
Dark matter annihilation is a compelling signature of WIMP dark matter. Current CMB obser-
vations provide a powerful constraint, particularly at low mass, that has proven to be a valuable
window into the nature of dark matter. In this paper, we explored the physical origin of the
cosmological bounds on dark matter annihilation. The primary impact is on the ionization frac-
tion and can only change substantially at times when the universe was neutral. We demonstrated
using a simple model that the largest impact on the CMB arises from the change to the ionization
fraction at redshifts z ∼ 100− 700 with a predictable scaling. The phenomenology is physically
similar to the optical depth to reionization, τ , and shows similar behavior in forecasts for future
CMB experiments. This explains why current constraints on pann have nearly saturated the
ultimate cosmic variance limit.
A better understanding of the CMB constraint is important for interpreting existing bounds
on pann as a constraint on specific models. The redshift dependence of the signal is non-trivial
and peaks at lower redshifts than the naive expectations. While such redshift dependence is
captured in Boltzmann codes, one would like to apply the bound without having to recalculate
the spectra for every possible model. Furthermore, a physical understanding of the origin of the
constraints can help identify blind spots in the inferences drawn from CMB analyses and suggest
new targets for dark matter searches. We hope the phenomenological description provided in this
paper will be a useful tool in the quest to understand the nature of the dark matter.
Given the theoretical importance of constraining pann, it is natural ask if other cosmological
observables can circumvent the limitations of the conventional CMB analysis. We explored one
possibility, namely the impact of dark matter annihilation on large scale structure after recom-
bination. In addition, there are a variety of effects on the CMB that could provide additional
windows into the nature of dark matter that are either not captured by pann or appear as higher
order corrections. Spectral distortions are the most common such example [25], but other pos-
sibilities include the effect on the CMB from a dark matter annihilation-induced reionization
history [24], higher order effects on the recombination history [17], and impact6 on the global
21cm signal [22, 23].
More broadly, there are a wide range of astrophysical searches for the annihilation products
of dark matter; see [29] for a review. While there have been several tantalizing hints from
these searches, none have yet resulted in a convincing detection. These different approaches
are important complements to our understanding of dark matter, as cosmology places broad
constraints on the total dark matter annihilation cross-section and these astrophysical searches
are capable of determining the specific annihilation channels of dark matter.
Cosmology offers a variety of windows into the nature dark matter beyond the annihilation
signal alone. Laboratory-based constraints already hint that the traditional WIMP may not be
the answer and new and more powerful windows may be needed to expose its identity. This
6Because of the recent EDGES measurement claiming a detection of the global 21cm signal [26] with an absolute
brightness temperature too high to be explained using minimal modeling of the spin temperature, several papers
have appeared that derive rather tight constraints on dark matter annihilation (see e.g. [27, 28]). The constraining
power of the global signal depends sensitively on the (still uncertain) central value of this temperature measurement
and it remains to be seen if it will ultimately exceed the sensitivity of the CMB.
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should motivate further work applying the growing sensitivity in cosmological observations to
this fundamental problem.
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Parameter Fiducial Value Step Size
Ωch
2 0.1197 0.0030
Ωbh
2 0.0222 8.0× 10−4
θs 0.010409 5.0× 10−5
τ 0.060 0.020
As 2.196× 10−9 0.1× 10−9
ns 0.9655 0.010∑
mν [eV] 0.060 0.020
Neff 3.046 0.080
Yp 0.2467 0.0048
pann [10
−27cm3/s/GeV] 0.0 0.06
Table 1. Fiducial cosmological parameters and step sizes for numerical derivatives used in forecasts. All
forecasts use the 10-parameter ΛCDM+
∑
mν+Neff+Yp+pann model even when only a subset of parame-
ters are shown. There is no significant change in the behavior of forecasts for pann with a different choice
of cosmology. All numerical derivatives are computed using a centered difference, except for pann for which
we use a forward difference, since negative values of pann are undefined.
A CMB Forecasts and Degeneracies
In this appendix, we provide more information regarding the forecasts presented in the main text.
We forecast constraints by computing the Fisher matrix defined as [30–32]
Fij =
∑
`
2`+ 1
2
fskyTr
(
C−1`
∂C`
∂λi
C−1`
∂C`
∂λj
)
, (A.1)
with the covariance matrix C` given by
C` =
CTT` CTE` 0CTE` CEE` 0
0 0 Cdd`
+N` (A.2)
and the noise covariance is taken to be diagonal N` = diag
(
NTT` , N
EE
` , N
dd
`
)
. For the cosmic-
variance-limited forecasts, we take the temperature, polarization, and lensing reconstruction noise
to vanish and use unlensed spectra. For the forecasts presented in Figure 1, the noise is assumed
to be Gaussian with
NTT` = ∆
2
T exp
(
`(`+ 1)
θ2FWHM
8 log 2
)
, (A.3)
where ∆T is the instrumental noise in µK-radians and θFWHM is the beamsize in radians. The
polarization noise is given by an equivalent expression with ∆P =
√
2∆T . The lensing recon-
struction noise is calculated using a minimum variance quadratic estimator [33], including the
improvement from iterative delensing with the EB estimator [34]. We use spectra which are
internally delensed in order to improve parameter constraints [35].
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Figure 11. Forecasts showing two-dimensional 1-σ constraints for selected parameters for a cosmic-
variance-limited CMB experiment with `max = 5000. The constraints on pann are shown in units of
10−27cm3/s/GeV. Notice there is only mild degeneracy present among the parameters when including
only temperature data which nearly disappears for pann when including polarization data.
To calculate power spectra, we use the Boltzmann code CAMB [19], with dark matter anni-
hilation included through a modified version of the recombination code HyRec [36]. The fiducial
values of the cosmological parameters and step sizes used for numerical derivatives are shown in
Table 1.
Figure 11 shows the forecasted 1-σ two-dimensional contours for the same set of parameters
shown in the main text. Notice that constraints on pann are not limited by any significant
degeneracy, even when using only temperature information from the CMB. When polarization
is included, the mild degeneracies that do exist are even further suppressed. This highlights the
point that the constraints on pann are dominated by polarization data at relatively large angular
scales, which explains why CMB constraints on dark matter annihilation are mostly saturated
with existing data.
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